Borgquist A, Meza C, Wagner EJ. The role of AMP-activated protein kinase in the androgenic potentiation of cannabinoidinduced changes in energy homeostasis. Am J Physiol Endocrinol Metab 308: E482-E495, 2015. First published December 30, 2014; doi:10.1152/ajpendo.00421.2014.-Orexigenic mediators can impact the hypothalamic feeding circuitry via the activation of AMPdependent protein kinase (AMPK). Given that testosterone is an orexigenic hormone, we hypothesized that androgenic changes in energy balance are due to enhanced cannabinoid-induced inhibition of anorexigenic proopiomelanocortin (POMC) neurons via activation of AMPK. To this end, whole animal experiments were carried out in gonadectomized male guinea pigs treated subcutaneously with either testosterone propionate (TP; 400 g) or its sesame oil vehicle (0.1 ml). TP-treated animals displayed increases in energy intake associated with increases in meal size. TP also increased several indices of energy expenditure as well as the p-AMPK/AMPK ratio in the arcuate nucleus (ARC) measured 2 and 24 h posttreatment. Subcutaneous administration of the CB1 receptor antagonist AM251 (3 mg/kg) rapidly blocked the hyperphagic effect of TP. This was mimicked largely upon third ventricular administration of AM251 (10 g). Electrophysiological studies revealed that TP potentiated the ability of the cannabinoid receptor agonist WIN 55,212-2 to decrease the frequency of miniature excitatory postsynaptic currents in ARC neurons. TP also increased the basal frequency of miniature inhibitory postsynaptic currents. In addition, depolarization-induced suppression (DSE) is potentiated in cells from TP-treated animals and blocked by AM251. The AMPK inhibitor compound C attenuated DSE from TP-treated animals, whereas the AMPK activator metformin enhanced DSE from vehicle-treated animals. These effects occurred in a sizable number of identified POMC neurons. Collectively, these results indicate that the androgen-induced increases in energy intake are mediated via an AMPK-dependent augmentation in endocannabinoid tone onto POMC neurons.
CANNABINOIDS STIMULATE APPETITE in both humans (1, 10, 25) and rodent animal models (5, 16, 37) and do so via complex interactions between the gut, liver, pancreas, brainstem, hypothalamus, and limbic forebrain (9) . Two well-known endogenous ligands for cannabinoid receptors are anandamide (13) and 2-arachidonoylglycerol (2-AG) (49) , which are produced and released from neurons in a Ca 2ϩ -dependent manner (59) . Anorexigenic proopiomelanocortin (POMC) neurons in the hypothalamic arcuate nucleus (ARC) serve as one such source of endocannabinoids (29) . After endocannabinoid ligands activate their respective CB1 receptors, pleiotropic actions will ensue, including inhibition of voltage-gated Ca 2ϩ channels, activation of inwardly rectifying K ϩ channels, and suppression of neurotransmitter release (46) . As a result, the endocannabinoid system plays a crucial role in controlling neuronal excitability and synaptic transmission. In fact, hypothalamic levels of endocannabinoids are sensitive to fluctuations in energy status and inversely correlated with circulating leptin concentrations (29) . Short-term synaptic plasticity mediated by endocannabinoids is referred to as depolarized-induced suppression of inhibition (DSI) (58, 79, 81) and excitation (DSE) (43, 47) . DSI and DSE are initiated postsynaptically by an elevation of cytoplasmic Ca 2ϩ concentration and are expressed presynaptically as a suppression of the transmitter release. For example, postsynaptic depolarizing stimuli provoked by the influx of extracellular calcium elicited DSI, in which somatodendritic release of endogenous cannabinoids presynaptically inhibited GABAergic synaptic currents, increasing the excitability of hippocampal pyramidal (58, 79) and cerebellar Purkinje (81) neurons. Likewise, DSE was also found to occur at excitatory synapses in the cerebellum, which was also mediated by endocannabinoids (43, 47) . This retrograde signaling has also been reported in the hypothalamic paraventricular nucleus (PVN), where glucocorticoids stimulate the somatodendritic release of endogenous cannabinoids, which presynaptically decrease glutamatergic synaptic currents, proposing a cellular mechanism for negative feedback in parvocellular neurons (15) . Given that cannabinoids presynaptically inhibit glutamatergic input onto POMC neurons in both mice (31) and guinea pigs (16, 34) , these findings suggest that cannabinoids may inhibit POMC neurons in part by retrograde signaling that involves DSE.
It is well known that androgens play an integral role in controlling energy balance. For example, testosterone increases energy intake in rodents (54, 62) and rams (4) . Testosterone has also been found to increase muscle mass, protein synthesis, and glycogen accumulation in muscle (6) . In addition, it has also been reported that there is a higher energy obligation for muscle mass than fat and therefore less fat deposition in intact vs. castrated males (8) . Furthermore, testosterone levels in men positively correlate with levels of orexigenic ghrelin (23) . Moreover, the use of synthetic drugs derived from the naturally occurring compound ⌬-9-tetrahydrocannabinol, coadministered with anabolic androgens like nandrolone, has been implemented in cachexia patient therapy to stimulate appetite by promoting lean body mass (7, 12) .
AMPK is an energy sensor that restores energy balance by activating processes that produce energy (e.g., lipid oxidation and glucose uptake) while inhibiting those that consume energy (e.g., protein synthesis) (28) . It is a heterotrimeric complex consisting of an ␣-, ␤-, and ␥-subunit and is activated by the upstream kinases such as calmodulin-dependent protein kinase kinase-␤ and liver kinase B1 under conditions of high intracellular calcium levels or stressful cellular conditions, such as low ATP levels that cause a rise in the cellular AMP/ATP ratio (30) . After activation, AMPK turns on catabolic pathways to generate ATP and turns off biosynthetic pathways requiring ATP consumption (26) . AMPK signaling is regulated in certain regions of the hypothalamus by nutrient status indicators such as fasting/refeeding, leptin, insulin, glucose, fatty acids, and ghrelin and has been shown to control whole body energy metabolism (2, 40, 51) . In addition to fasting conditions activating AMPK, it was found that anorexigenic signals stimulated by hormones like leptin and insulin reduce the expression of AMPK in orexigenic neuropeptide Y (NPY)/agouti-related peptide (AgRP) neurons as well as excite POMC neurons via signal transducer and activator of transcription 3 (STAT3) and phosphatidylinositol 3-kinase (PI3K), which causes the release of anorexigenic ␣-MSH and subsequent activation of MC4 receptors in the PVN (51, 61) .
Ghrelin is an orexigenic gut peptide that increases the overall activity of AMPK (2, 51) . There is also an important interaction between ghrelin and cannabinoids, as subanorectic doses of the CB1 receptor antagonist rimonabant inhibited the orexigenic effect of ghrelin upon central administration into the PVN (73) . Furthermore, ghrelin and cannabinoids increase hypothalamic AMPK activity, and an intact CB1 receptor is crucial for these effects (41) . Ghrelin increased, whereas leptin decreased, 2-AG and anandamide concentrations in the hypothalamus (14, 41) . Tetrahydrocannabinol, 2-AG, and ghrelin increased AMPK activity in the hypothalamus, and ghrelin's ability to augment hypothalamic activity of AMPK is blocked by rimonabant (41, 42) .
Based on these interactions between cannabinoids, orexigenic mediators like ghrelin and testosterone, and cellular substrates like AMPK that regulate energy homeostasis, it is apparent that androgens are poised to play an important role in modulating the hypothalamic feeding circuitry as well. Indeed, there are high levels of androgen receptors found in hypothalamic nuclei like the ARC (32, 65, 67, 68) . Therefore, we wanted to test the hypothesis that testosterone's effects on energy intake are mediated through augmented endocannabinoid and AMPK signaling. To this end, we conducted whole animal experiments in orchidectomized male guinea pigs to determine testosterone-induced changes in energy balance and AMPK activation in the ARC microdissected from hypothalamic slices. We also examined whether CB1 receptor blockade could dampen the hyperphagia caused by the steroid. In vitro electrophysiological recordings were performed to explore whether AMPK inhibition could block the androgenic potentiation of the cannabinoid-induced presynaptic inhibition of excitatory input onto ARC POMC neurons and whether AMPK activation could act in lieu of testosterone to augment this presynaptic inhibition of transmitter release in slices from vehicle-treated animals.
MATERIALS AND METHODS
Animals. All animal procedures described in this study are in accordance with institutional guidelines based on National Institutes of Health standards and were approved by the Institutional Animal Care and Use Committee at Western University of Health Sciences. Male Topeka guinea pigs (500 -900 g, 50 -75 days old) were acquired from Elm Hill Breeding Laboratories (Chelmsford, MA) or bred in our animal care facility, maintained under controlled temperature (69 -73°F) and a coordinated 12:12-light-dark cycle (12 h lights on, 12 h lights off), and provided with food and water ad libitum.
Drugs. Unless otherwise indicated, all drugs were purchased through Tocris Cookson (Bioscience, Minneapolis, MN). For the behavioral experiments, testosterone propionate (TP; Sigma-Aldrich, St. Louis, MO) was initially prepared as a 1 mg/ml stock solution in punctilious ethanol. A known quantity of this stock solution was added to a volume of sesame oil that was sufficient to produce a final concentration of 4 mg/ml following evaporation of the ethanol.
1H-pyrazole-3-carboxamide (AM251; 3 mg/ml) was dissolved in cremephor-ethanol-0.9% saline (CES; 1:1:18, vol/vol/vol). For the studies that called for the administration of AM251 into the third ventricle (I3V), the compound was dissolved in CES at a concentration of 5 g/l and delivered in a total volume of 2 l.
For the electrophysiological experiments, the voltage-gated Na ϩ channel blocker tetrodotoxin (TTX) with citrate (Alomone Laboratories, Jerusalem, Israel) was dissolved in ultrapure H 2O to a stock concentration of 1 mM and diluted further with artificial cerebrospinal fluid (aCSF) to a working concentration of 500 nM. The GABA A receptor antagonist 6-imino-3-(4-methoxyphenyl)-1(6H)-pyridazinebutanoic acid hydrobromide (SR 95531) was dissolved in ultrapure H2O to stock concentrations of 10 mM, and the stock concentrations were diluted further with aCSF to the working concentration of 10 M. The cannabinoid receptor agonist
,212-2) was dissolved in dimethylsulfoxide to stock concentrations of 1 mM, and the stock concentrations were diluted further with aCSF to working concentrations ranging from 10 nM to 3 M. AM251 was dissolved in dimethylsulfoxide to stock concentrations of 1 mM, and the stock concentrations were diluted further with aCSF to the working concentration of 1 M. The AMPK activator N,N-dimethylimidodicarbonimidic diamide hydrochloride (metformin) was dissolved in ultrapure H2O to stock concentrations of 50 mM, and the stock concentrations were diluted further with aCSF to the working concentration of 500 M. The AMPK inhibitor 6-{4-[2-(1-piperidinyl)ethoxyphenyl]-3-(4-pyridinyl)-pyrazolo[1,5-a]} pyrimidine dihydrochloride (compound C) was dissolved in ultrapure H2O to stock concentrations of 30 mM, and the stock concentrations were diluted further with aCSF to the working concentration of 30 M. The NMDA receptor antagonist cis-4-[phosphomethyl]-piperidine-2-carboxylic acid (CGS 19755) was dissolved in ultrapure H2O to stock concentrations of 10 mM, and the stock concentrations were diluted further with aCSF to the working concentration of 10 M. The AMPA receptor antagonist 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo-[f]quinoxaline-7-sulfonamide (NBQX) was dissolved in ultrapure H2O to stock concentrations of 10 mM, and the stock concentrations were diluted further with aCSF to the working concentration of 3 M. Aliquots of the stock solutions were stored at Ϫ20°C until needed.
Feeding and metabolic studies. The analyses for energy balance were performed in a Comprehensive Lab Animal Monitoring System (Columbus Instruments, Columbus, OH) as described previously and validated (19, 61, 77) . After a 3-day acclimation period, energy intake, expenditure, and meal pattern were monitored around the clock for 5-7 days. A meal was defined as an event in which an animal consumed Ն10 mg of food. Once the animal had eaten at least this threshold amount, the computer logged this event as a meal in the experimental data file the instant the animal withdrew its head from the food dish. We calculated meal frequency as the number of meals consumed per unit of time and meal size as the amount of food eaten in a given hour divided by the number of meals in the same hour. We also measured O2 consumption, CO2 production, and the metabolic heat production as indices of energy expenditure. These whole animal experiments were conducted with male guinea pigs that were orchidectomized 6 days prior to experimentation, some of whom had a temperature data logger (SubCue, Calgary, AL, Canada) implanted into the abdominal cavity at the time of the orchidectomy to monitor temporal fluctuations in core body temperature, as described previously (16) . The initial experiment examined the effects of TP and the CB1 receptor antagonist AM251 administered systemically over a 7-day monitoring period. Thus, each morning at 8 AM, animals were given either the CB1 receptor antagonist AM251 (3 mg/kg sc) or its CES vehicle (1 ml/kg sc) Every other day they were injected with TP (400 g sc) or its sesame oil vehicle (0.1 ml sc). In the second experiment, we wanted to better resolve how testosterone influences cannabinoid sensitivity within the hypothalamic feeding circuitry. As a result, two survival surgeries were conducted. Stereotaxic guide cannulas implanted into the third ventricle, as well as orchidectomies performed 7 days later, were carried out as described previously (16, 61) . During the 5-day monitoring phase, animals were treated every day with AM251 (10 g I3V) or its CES vehicle (2 l I3V) and every other day with TP (400 g sc) or its sesame oil vehicle (0.1 ml sc). These treatment schedules produce physiological steroid levels and do not result in tolerance of cannabinoid effects (34, 39) .
Western blot analysis. Unless otherwise stated, all primary antibody solutions were prepared in TBS containing 0.1% Tween-20 and Odyssey blocking buffer at a 1:1,000 dilution. Primary antibodies directed against the following antigens were used as follows: glyceride-3-phosphate dehydrogenase (GAPDH; 1:10,000; Millipore, Billerica, MA), total AMPK (Abcam, Cambridge, MA), and AMPK phosphorylated at the threonine residue located in the 172nd position of the ␣-subunit (p-AMPK; Cell Signaling Technology, Danvers, MA). At the end of the 5-day experimental period, we set out to determine whether the hyperphagic effect of TP (400 g sc) involved activation of the AMPK pathway in the ARC. Thus, animals were treated once again with TP (400 g sc) or its sesame oil vehicle (0.1 ml sc), anesthetized either 2 or 24 h later with 32% isoflurane, and rapidly decapitated. Trunk blood was collected for subsequent determination of serum testosterone concentrations conducted at the Oregon Health and Science University, Endocrine Technology and Support Core Laboratory (OHSU ETSC, Beaverton, OR). Following brain removal, two to three coronal slices (1 mm in thickness) spanning the rostral-caudal extent of the ARC were prepared using a guinea pig brain matrix (Ted Pella, Redding, CA) and stored in RNAlater (Ambion, Austin, TX) for 2-3 h. The ARC was then microdissected from the slices. ARC microdissections were homogenized in cold lysis buffer (50 mM Tris·HCl, pH 7.4, 0.5 M EDTA, and 0.5 M EGTA) containing a protease inhibitor cocktail (Sigma-Aldrich). Protein levels were quantified using a Bradford assay (Bio-Rad Laboratories, Hercules, CA) to establish equal loading into the gel. Proteins were separated by electrophoresis on a 10% sodium dodecyl sulfate polyacrylamide gel and transferred to a nitrocellulose membrane. Membranes were blocked for 1 h with odyssey blocking buffer (LI-COR Biosciences, Lincoln, NE) and incubated overnight with primary antibodies at 4°C. They were then washed four times with Tris-buffered saline with Tween (TBST) for 10 min, followed by incubation with Odyssey infrared-conjugated secondary antibodies diluted 1:10,000 in Odyssey blocking buffer for 2 h at room temperature. After 4 ϫ 10-min washes with TBST followed by 4 ϫ 10-min washes with Tris-buffered saline (TBS), membranes were scanned using an Odyssey infrared imager (LI-COR Biosciences). All membranes were probed with GAPDH as a loading control. Levels of p-AMPK and AMPK expression were determined by calculating the ratio of phosphoprotein density to total protein density for each experimental group and then normalizing the ratio to the values observed in vehicle-treated animals.
Electrophysiology. Electrophysiological recordings from ARC neurons using biocytin-filled electrodes were performed in hypothalamic slices prepared from orchidectomized guinea pigs treated 24 h prior with either TP (400 g sc) or its sesame oil vehicle (0.1 ml sc), as described previously (16) . Briefly, electrode resistances varied from 3 to 8 M⍀. Membrane currents were recorded in voltage clamp with access resistances ranging from 8 to 20 M⍀ and underwent analog-digital conversion via a Digidata 1322A interface coupled to pClamp 8.2 software (Axon Instruments). The access resistance, as well as the resting membrane potential (RMP) and the input resistance (Rin), were monitored throughout the course of the recording. If the access resistance deviated greater than 20% of its original value, the recording was ended.
To evaluate whether TP modulates cannabinoid-induced presynaptic inhibition of excitatory input onto ARC neurons via an AMPK pathway, we first monitored miniature excitatory postsynaptic current (mEPSC) frequency and amplitude from a holding potential of Ϫ75 mV, using an internal solution in which Cs ϩ was substituted for K ϩ . We perfused slices with aCSF containing TTX (500 nM) and SR 95531 (10 M) to block GABAA receptor-mediated synaptic input. These agents were bath applied for 3-4 min prior to the attainment of 3-4 min worth of baseline mEPSC frequency and amplitude. Slices were then perfused with the cannabinoid receptor agonist WIN 55,212-2 for 3-4 min, and an additional 3-4 min of data were collected. To pharmacologically characterize the effects of CB1 receptor activation on mEPSC frequency, ARC neurons from vehicleand TP-treated animals were tested with various concentrations of WIN 55,212-2 (0.01-3 M). Composite dose-response curves were generated from the following modification of the Hill equation
where ⌬fmax is the maximal inhibition of mEPSC frequency, IC50 represents the agonist potency to inhibit this parameter, and n is the Hill slope. Currents measured in the presence of varying concentrations of WIN 55,212-2 were normalized with respect to their baseline frequency.
For comparison, we also evaluated the effect of TP and cannabinoids on miniature inhibitory postsynaptic current (mIPSC) frequency and amplitude. Briefly, aCSF was perfused over cells in hypothalamic slices from TP-or vehicle-treated animals in the presence of TTX (500 nM) along with the CGS 19755 (10 M) and NBQX (3 M) to block excitatory synaptic input elicited by the activation of ionotropic glutamate receptors. Baseline recordings were performed from a holding potential of Ϫ30 mV for 3-4 min. WIN 55,212-2 (1 M) was then applied for an additional 3-4 min, and 3-4 more minutes of data were collected.
The threshold for event detection was set Ն3 pA below (for mEPSCs) or above (for mIPSCs) the baseline holding current, as assessed from the headstage output, and monitored continuously throughout each 3-to 4-min recording period. This was done to ensure that the smaller amplitude events were not inadvertently omitted from the analysis. Synaptic events were detected and analyzed using Clampfit 8.2 (Axon Instruments) in combination with the SigmaPlot (IBM/SPSS, New York, NY) and StatGraphics (StatPoint, Warrenton, VA) programs. When we analyzed the data to determine mEPSC/ mIPSC frequency and amplitude for the Ն100 contiguous synaptic events per condition, we poured over each 250-ms sweep in the entire range to ensure that each event that we included in the analysis bore the classic kinetic profile of a fast EPSC or IPSC. We used this information to evaluate cannabinoid-induced alterations in mEPSC/ mIPSC frequency and amplitude as assessed from cumulative probability plots.
Next, we set out to determine whether endocannabinoids retrogradely inhibit excitatory input via DSE. To elicit DSE, cells from TPor vehicle-treated animals were given a 60-mV depolarization (0.75-3 s in duration) from a holding potential of Ϫ75 mV. These pulses were delivered every 60 s for up to 15 consecutive trials. The pulses were delivered in the presence of SR 95531 (10 M) to block GABA A receptor-mediated synaptic input. Prior to executing the DSE protocol, we monitored spontaneous EPSCs (sEPSCs) for 3-4 min to establish baseline frequency and amplitude. In some experiments, we perfused the AM-251 (1 M) along with SR 95531 to assess the role of the CB1 receptor in the expression of DSE occurring at ARC synapses. In other experiments, either metformin (500 M) or compound C (30 M) was used to determine the role of AMPK signaling. The doses of the drugs used in these electrophysiological experiments were chosen based on our prior work as well as the published work of others (16, 38, 63, 64) . Data were analyzed by looking at the average poststimulation amplitude and frequency acquired from at least three separate trials over 5-s bins Յ20 s normalized to that observed under basal conditions.
Immunohistochemistry. Following electrophysiological recording, slices were fixed with 4% paraformaldehyde in Sorensen's phosphate buffer (pH 7.4) for 90 -180 min (38) . They then were immersed overnight in 20% sucrose dissolved in Sorensen's buffer and frozen in Tissue-Tek embedding medium (Miles, Elkhart, IN) the next day. Coronal sections (20 m) were cut on a cryostat and mounted on slides. These sections were washed with 0.1 M sodium phosphate buffer (pH 7.4) and then processed with streptavidin-AF488 (Molecular Probes, Eugene, OR) at a 1:300 dilution. After the biocytinfilled neuron was localized via fluorescence microscopy, the slides containing the appropriate sections were processed with polyclonal antibodies directed against either ␤-endorphin (1:400 dilution; Immunostar, Hudson, WI), ␣-MSH (1:200 dilution; Immunostar), or cocaine-amphetamine-regulated transcript (1:2,000 dilution; Phoenix Pharmaceuticals, Burlingame, CA) using fluorescence immunohistochemistry (38) .
Statistical analyses. Comparisons between two groups were made with either the Student's t-test or the Mann-Whitney U-test. Comparisons between more than two groups were performed using either the one-way, multifactorial, or rank-transformed two-way analysis of variance (ANOVA), followed by the least significant difference (LSD) test, or alternatively via the Kruskal-Wallis test, followed by analysis of the median-notched box-and-whisker plot. If the multifactorial ANOVA uncovered a significant interaction between the variables, then we proceeded with the one-way ANOVA, followed by the LSD test. Comparisons of the mEPSC interval distributions were evaluated via the Kolmogorov-Smirnov test. Differences were considered statistically significant if the probability of error was Ͻ5%.
RESULTS
Experiment no. 1: the effects of TP on energy intake and expenditure. We first used in vivo behavioral studies in orchidectomized male guinea pigs to examine the role of testosterone on energy intake and expenditure. To validate our model of TP replacement in orchidectomized male guinea pigs, we measured serum testosterone levels taken from gonadally intact as well as orchidectomized animals 2 and 24 h post-TP treatment (400 g sc) and from orchidectomized animals 2 and 24 h post-vehicle treatment. As shown in Table 1 , TP (400 g sc) produced a marked rise in circulating testosterone concentrations 2 h after administration that was comparable with those observed in gonadally intact males. Serum testosterone concentrations were still elevated at 24 h after delivery (1-way ANOVA/LSD, F ϭ 16.35, df ϭ 4, P Ͻ 0.0001). TP increased incremental (multifactorial ANOVA/LSD, F steroid ϭ 26.04, df ϭ 1, P Ͻ 0.0001, F time ϭ 6.20, df ϭ 23, P Ͻ 0.0001, F interaction ϭ 1.54, df ϭ 23, P Ͻ 0.05; Fig. 1A ) and cumulative food intake (Student's t-test, t ϭ Ϫ5.55181, P Ͻ 0.0001; Fig. 1B) . Increases in hourly intake appeared biphasic, with an acute increase observed 1-4 h after injection and a latent increase seen throughout much of nocturnal period. These changes were associated with elevations in meal size (multifactorial ANOVA Fig. 1D ). Likewise, TP increased core body temperature (multifactorial ANOVA/LSD, F steroid ϭ 21.32, df ϭ 1, P Ͻ 0.0001, F time ϭ 0.36, df ϭ 4, P Ͻ 0.84, F interaction ϭ 0.79, df ϭ 4, P Ͻ 0.53; Fig. 2A ), metabolic heat production (multifactorial ANOVA/LSD, F steroid ϭ 57.00, df ϭ 1, P Ͻ 0.0001, F time ϭ 1.03, df ϭ 4, P Ͻ 0.39, F interaction ϭ 0.37, df ϭ 4, P Ͻ 0.83; Fig. 2B ), oxygen consumption (multifactorial ANOVA/LSD, F steroid ϭ 43.02, df ϭ 1, P Ͻ 0.0001, F time ϭ 1.21, df ϭ 4, P Ͻ 0.31, F interaction ϭ 0.57, df ϭ 4, P Ͻ 0.69; Fig. 2C ), and carbon dioxide production (multifactorial ANOVA/LSD, F steroid ϭ 38.24, df ϭ 1, P Ͻ 0.0001, F time ϭ 3.17, df ϭ 4, P Ͻ 0.02, F interaction ϭ 0.28, df ϭ 4, P Ͻ 0.89; Fig. 2D ).
Experiment no. 2: the effects of CB1 receptor blockade on TP-induced changes in energy intake. To examine the possible role of the CB1 receptor in mediating the hyperphagic effect of TP, the CB1 receptor antagonist AM251 was administered peripherally (3 mg/kg sc) along with the steroid. As shown in Fig. 3 , AM251 rapidly and completely blocked the TP-induced increase in cumulative intake as early as 1 h postadministration (multifactorial ANOVA/LSD, F steroid ϭ 13.21, df ϭ 1, P Ͻ 0.0006, F AM251 ϭ 5.37, df ϭ 1, P Ͻ 0.03, F interaction ϭ 11.02, df ϭ 1, P Ͻ 0.002). To more precisely determine the location of these CB1 receptors that contribute to the TP-induced hyperphagia, we examined the ability of AM251 administered directly into third ventricle to abrogate the increase in intake caused by the steroid. The locations of the guide cannula placements can be seen in Fig. 4 . As shown in Fig. 5 , centrally administered AM251 (10 g I3V) per se produced a rapid and marked decrease in energy intake that was clearly evident from 1-4 h postadministration and attenuated the TP-induced hyperphagia over this same period (multifactorial ANOVA/LSD, F steroid ϭ 6.69, df ϭ 1, P Ͻ 0.02, F AM251 ϭ 6.50, df ϭ 1, P Ͻ 0.02, F interaction ϭ 0.47, df ϭ 1, P Ͻ 0.50). Moreover, it completely blocked the increase in intake caused by TP observed at 16 and 24 h postadministration (multifactorial ANOVA/LSD, F steroid ϭ 8.37, df ϭ 1, P Ͻ 0.005, F AM251 ϭ 7.20, df ϭ 1, P Ͻ 0.009, F interaction ϭ 6.15, df ϭ 1, P Ͻ 0.02). This suggests that activation of hypothalamic CB1 receptors by endogenous cannabinoids contributes to the hyperphagic effect of TP. negative energy balance, such as fasting (27) . Therefore, we tested whether TP treatment could alter phosphorylated levels of this signaling molecule in hypothalamic nuclei microdissected from animals at the end of the behavioral studies. Western blotting showed clear p-AMPK and total AMPK bands registering at 62 kDa in the ARC. TP elevated the p-AMPK/AMPK ratio significantly in the ARC, an effect that appeared to peak at 2 h after treatment (rank-transformed 2-way ANOVA/LSD, F steroid ϭ 5.54, df ϭ 1, P Ͻ 0.03, F time ϭ 1.99, df ϭ 1, P Ͻ 0.17, F interaction ϭ 1.99, df ϭ 1, P Ͻ 0.17; Fig. 6 ).
Experiment no. 4: the effects of TP on CB1 receptormediated changes in excitatory and inhibitory synaptic input in POMC neurons. For experiment nos. 4 and 5 (see below), we made recordings from a total of 581 ARC neurons. The cells from vehicle-treated animals had a RMP of Ϫ51.7 Ϯ 1.4 mV and a R in of 648.3 Ϯ 52.5 M⍀, whereas those from TP-treated animals had a RMP of Ϫ52.9 Ϯ 1.4 mV and a R in of 755.6 Ϯ 63.3 M⍀. One hundred sixty-two of these neurons exhibited conductances like the hyperpolarization-activated cation current and A-type K ϩ current, which are characteristic of POMC neurons (36, 39) . Of these, 113 were immunopositive for POMC neurons like the one shown in Fig. 7 .
In a parallel series of experiments, we endeavored to gain a better understanding of how these TP-induced changes in energy intake are occurring on a cellular level. We first tested whether TP could modulate the ability of the CB1 receptor agonist WIN 55,212-2 to decrease mEPSC frequency in POMC neurons. As shown in Fig. 8A , a 30-nM dose of WIN 55,212-2 modestly increased the interval between contiguous mEPSCs in recordings from orchidectomized, vehicle-treated animals. However, this did not result in a significant change in the mEPSC interval distribution following treatment with WIN 55,212-2 (Kolmogorov-Smirnov, K-S statistic ϭ 0.777817, P Ͻ 0.59). By contrast, this same dose of WIN 55,212-2 produced a robust increase in the interval between contiguous synaptic events in POMC neurons from TP-treated animals that significantly altered the mEPSC interval distribution following agonist treatment (Kolmogorov-Smirnov, K-S statistic ϭ 2.05061, P Ͻ 0.0005; Fig. 8B ). This is reflected in a nearly fivefold increase in agonist potency to decrease mEPSC frequency (vehicle: IC 50 ϭ 39.1 nM, ⌬f max ϭ 50.2%; TP: IC 50 ϭ 8.4 nM, ⌬f max ϭ 50.9%; Fig. 8C ). TP did not affect basal mEPSC frequency (vehicle: 7.0 Ϯ 1.7 Hz; TP: 4.4 Ϯ 0.9 Hz; Student's t-test, t ϭ 1.27342, P Ͻ 0.21), and neither TP nor WIN 55,212-2 affected mEPSC amplitude (data not shown). This suggests that TP enhances the cannabinoid-induced presynaptic inhibition of glutamatergic input because of an increase in CB1 receptor sensitivity.
We then wanted to look at whether TP could impact basal and cannabinoid-induced changes in mIPSC frequency. Membrane current traces (Fig. 9A) demonstrate that TP increases the number of inhibitory synaptic events per unit of time in ARC neurons, which is illustrated further by the cumulative probability distributions (Kolmogorov-Smirnov, K-S statistic ϭ 3.46482, P Ͻ 0.0001; Fig. 9B ) and composite bar graph (Student's t-test, t ϭ Ϫ2.10677, P Ͻ 0.05; Fig. 9C) . Consistent with what we have shown previously (16) , WIN 55,212-2 was comparatively ineffective in decreasing mIPSC frequency. A relatively high dose of WIN 55,212-2 (1 M) was required to see any appreciable effect, and TP did not alter the reduction in mIPSC frequency caused by the agonist (vehicle: 64.5 Ϯ 7.8% of baseline; TP: 67.8 Ϯ 9.3% of baseline; Mann-Whitney U-test, W ϭ 8.0, P Ͻ 0.51, n ϭ 8 -10). Overall, there was no effect of TP or WIN 55,212-2 on mIPSC amplitude (data not shown).
Experiment no. 5: the effects of TP on retrograde endocannabinoid signaling at POMC synapses. Thus far, we have demonstrated that TP elicits a prominent increase in energy intake that is, at least in part, sensitive to blockade of hypothalamic CB1 receptors and that these changes are somehow associated with increased activation of AMPK and augmented inhibitory tone onto POMC neurons. The latter occurs through enhanced inhibitory synaptic input, as well as a potentiation of the CB1 receptor-mediated presynaptic inhibition of excitatory input, onto these cells. To provide additional evidence concerning the role of endogenous cannabinoids in mediating the androgenic increase in energy intake, we set out to examine whether they were involved in eliciting DSE at ARC POMC synapses in the male guinea pig. We found that in recordings from orchidectomized, vehicle-treated animals, a 3-s, 60-mV depolarization of the postsynaptic cell triggers a significant reduction in both the frequency and amplitude of sEPSCs. These changes were first evident within 5 s of the depolarizing stimulus (Kruskal-Wallis/median-notched box-and-whisker analysis; frequency: test statistic ϭ 20.4731, P Ͻ 0.0005; amplitude: test statistic ϭ 21.0242, P Ͻ 0.0004), sustained for Ն15 s (frequency: test statistic ϭ 22.0649, P Ͻ 0.0002; amplitude: test statistic ϭ 23.5851, P Ͻ 0.0001), and appeared to be returning to baseline levels by 20 s poststimulation (frequency: test statistic ϭ 19.9478, P Ͻ 0.0006; amplitude: test statistic ϭ 21.3483, P Ͻ 0.0003; Figs. 10A and 11, C and D). TP administered 24 h prior to experimentation potentiated the extent of the DSE, as the reductions in sEPSC frequency and amplitude persisted for Ն20 s following the stimulus (Figs.  10B and 11, C and D) . The stimulus-induced decreases in sEPSC frequency and amplitude were completely reversed by pretreatment of the slice with the CB1 receptor antagonist AM251 (1 M; Figs. 10C and 11, C and D) . In addition, pretreatment with the AMPK inhibitor compound C (30 M) attenuated the robust DSE observed in recordings from TPtreated animals (Fig. 11, A, C, and D) . On the other hand, bath application of the AMPK activator metformin (500 M) in slices from vehicle-treated animals prolonged the stimulusinduced reductions in sEPSC frequency and amplitude to a level that is nearly identical to that observed in recordings from TP-treated animals (Fig. 11, B-D) . Collectively, this suggests that the ability of TP to further reduce excitatory synaptic input onto anorexigenic POMC neurons requires, at least in part, an AMPK-dependent increase in endocannabinoid tone that leads to a more extensive activation of presynaptic CB1 receptors, as summarized in Fig. 12 .
DISCUSSION
Taken together, these data demonstrate that androgen-induced increases in energy intake are mediated via an increase in cannabinoid sensitivity by a mechanism that involves the AMPK pathway in the ARC of the hypothalamus. These conclusions are based on the following observations: 1) TP increases energy intake and expenditure, 2) the hyperphagic effect of TP is rapidly reduced by antagonism of the hypothalamic CB1 receptors, 3) TP activates AMPK in the ARC, 4) TP potentiates the ability of cannabinoids to decrease mEPSC frequency and elicit DSE at POMC synapses, 5) TP enhances inhibitory GABAergic tone onto POMC neurons, 6) the AMPK inhibitor compound C attenuates DSE in POMC neurons from TP-treated animals, and 7) the AMPK activator metformin enhances DSE in POMC neurons from vehicletreated animals.
Presently, we show that testosterone stimulates energy intake in orchidectomized male guinea pigs, which is consistent with what has been shown previously in other rodents (54, 62) as well as rams (4) . This increase in consumption was associated with an increase in meal size but not meal frequency. We have previously validated our meal pattern criteria by performing logarithmic transformations of our intermeal interval and meal size data, which yielded unimodal frequency distributions and probability densities (19) . Thus, we feel that our method is valid and that we can draw appropriate conclusions from the data obtained. The meal pattern data shown in the present study may reflect the more constant grazing pattern of consumption seen in guinea pigs, which eat smaller, more frequent meals and also ingest a greater proportion of their energy during the daylight (lights on) period than do rats (33, 35) . Given these inherent differences in meal pattern and the diurnal fluctuations in energy intake, it should not be surprising that in orchidectomized rats testosterone increases meal frequency concomitant with decreased meal size (11) . We also found that testosterone increased energy expenditure. This is congruent with the reduced energy expenditure observed in androgen receptor null mice that has been associated with decreased lipolysis and uncoupling protein 1 expression (18), decreased voluntary activity (62) , or leptin and insulin resistance (45) . In addition, testosterone dosing has been found to ameliorate the metabolic profile and reduce visceral adipose tissue in a high-fat dietinduced rabbit model of the metabolic syndrome (48) .
Given that the testosterone-induced hyperphagia observed in the present study occurred as early as 1 h after administration, this rapid action could presumably be mediated by a plasma membrane receptor (17, 74) and carried out in a fashion similar to estrogens activating G q -coupled membrane estrogen receptors (44, 60) . Indeed, testosterone activates a plasma membrane G protein-coupled receptor, which results in the hydrolysis of phosphatidylinositol 4,5-bisphosphate by phospholipase C, which generates diacylglycerol and inositol 1,4,5-trisphosphate, the latter of which causes rapid Ca 2ϩ release (74) . Other membrane androgen receptors include the G i -coupled GPRC6A that evokes extracellular signal-regulated protein kinase signaling and promotes the development of the male N-(piperidin-1-yl) -5-(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide (AM251) rapidly blocks the hyperphagic effect of TP. Bars represent means and vertical lines 1 SE of the energy intake measured in animals at 1, 2, and 4 h after treatment with TP (400 g sc) and/or AM251 (3 mg/kg sc) or their respective vehicles. #Values from TP-treated animals that are significantly different (P Ͻ 0.05, multifactorial ANOVA/LSD; n ϭ 4 -6) from vehicle-treated controls; *Values from AM251-treated animals that are significantly different (P Ͻ 0.05, multifactorial ANOVA/LSD; n ϭ 4 -6) from those from their vehicle-treated counterparts. Fig. 4 . Coronal sections of guinea pig brain at the level of the hypothalamus that illustrate the placement of the guide cannulas used to deliver AM251 into the 3rd ventricle. Only those animals with guide cannulas placed directly into the 3rd ventricle were used in this study. RH, rhomboid thalamic nucleus; RE, reuniens thalamic nucleus; PV, paraventricular hypothalamic nucleus; FX, fornix; DMH, dorsomedial hypothalamic nucleus; VMH, ventromedial hypothalamic nucleus; LHA, lateral hypothalamic area; MT, mammillothalamic tract; MFB, medial forebrain bundle; CES, cremephor-ethanol-0.9% saline; ARC, arcuate nucleus.
reproductive system, the G s -coupled ZIP9 protein that promotes cellular apoptosis in cloaker ovarian follicular cells, and the one activated by testosterone albumin conjugates that suppresses c-Src stimulation and ␤-catenin expression to facilitate apoptosis in colonic tumor cells (24, 76) . Although cardiac myocytes are clearly excitable cells, they reside in the periphery. Coupled with the observation that androgens can exert a rapid, positive allosteric modulation of GABA A receptor function in medial preoptic area (POA) neurons (56), our findings represent one of the first reports of rapid androgen actions in the central nervous system. However, the androgenic orexigenesis is also sustained, as can be seen by the increases in hourly intake during the nocturnal period (Յ22 h after steroid administration). Cumulative intake was still elevated 24 h after administration, and this provided the rationale to examine the androgenic modulation of cannabinoid-induced changes in synaptic transmission to POMC neurons at this time point. However, an in-depth evaluation of the mechanisms underlying rapid, membrane-initiated androgenic signaling is certainly warranted and will provide the basis for future experimentation along these lines.
Arguably the most seminal finding of the present study is that TP activates of AMPK in the ARC. This is in agreement with the work of Wilson et al. (78) , who showed that testosterone stimulates glucose uptake through glucose transporter type 4 (GLUT4) and activation of the CaMK II/AMPK signaling pathway in cultured cardiomyocytes. AMPK is a dynamic enzyme that plays an integral role in energy homeostasis. It has recently been shown that anorexigenic signals like leptin, insulin, and glucose reduce AMPK␣2 activity, whereas orexigenic signals like ghrelin and hypoglycemia stimulate AMPK␣2 activity in mediobasal hypothalamic lysates (2, 40, 42, 51) . We propose that testosterone-induced activation of AMPK in the ARC is at least partly responsible for increased food intake caused by the steroid, which is in line with reports that virally mediated expression of activated or dominantnegative mutants of AMPK in the hypothalamus results in increased or decreased food intake, respectively (40, 51) . A proposed mouse model for the role of AMPK activity in anorexigenic signaling in the hypothalamus suggest mediations by the MC4 receptor that occur in conjunction with changes in activity of ARC NPY/AGRP neurons (51) . The signaling cascade is initiated by anorexigenic signals such as leptin, insulin, glucose or refeeding, which activates POMC neurons by STAT3 and PI3K producing a second anorexigenic signal facilitated by ␣-MSH in the PVN. These same anorexigenic signals inhibit AMPK activity and thus NPY/AgRP neuronal excitability, ultimately facilitating the activation of the MC4 receptor in PVN neurons. MC4 activation then decreases AMPK activity in the PVN, which may be necessary as a final common pathway in the regulation of energy balance (51) . Our data, along with the work of others (4, 54, 62) , clearly indicate that TP is serving as an orexigenic signal working opposite that of hormones like leptin and insulin to inhibit POMC cells. This notion provides further saliency for the increased AMPK activation in the ARC after TP treatment. Given that AMPK activity is enhanced during fuel deficiency (28), coupled with the anabolic and metabolic actions of testosterone (6, 8, 18, 45, 62) , it is certainly conceivable that the orexigenesis elicited by the steroid is due to the sensation of a negative energy balance triggered within the hypothalamic feeding circuitry.
Presently, we found that systemic administration of the CB1 receptor antagonist AM251 completely blocked the androgenic hyperphagia, which occurred prior to the onset of its own anorexigenic effect. On the other hand, third ventricular administration of AM251 per se exerted a powerful anorexigenic effect seen 1-4 h after administration. Although AM251 did not fully reduce TP-induced changes in energy intake during this time to levels seen in the presence of AM251 alone, it did bring consumption down to levels observed in vehicle-treated controls. This is reflected in the statistical readout, where both AM251 and TP exerted significant, diametrically opposed main effects on energy intake, with no interaction between the two. Therefore, the most parsimonious explanation is that AM251 is dampening the hyperphagic effect of TP at the early time points. The cannabinoid regulation of energy homeostasis occurs at many levels, including, but not limited to, the gut and the mesolimbic dopamine pathways (9) . We realize that the hypothalamic feeding circuitry is just one of the components involved. However, we believe that antagonism of hypothalamic CB1 receptors, although only partially effective early on, effectively disrupts the mechanism through which testosterone elicits its orexigenic effect. The fact that AM251 completely blocks the TP-induced increase in cumulative energy intake at time points when the anorexigenic effect of the antagonist has long since vanished lends particular credence to the idea that hypothalamic CB1 receptors play an instrumental role in this process.
Our results demonstrating that testosterone stimulates energy intake that is blocked by hypothalamic CB1 receptor antagonism and promotes ARC AMPK activity that heightens endocannabinoid tone onto POMC neurons are consistent with what has been shown for other orexigenic hormones. For example, ghrelin increases hypothalamic AMPK activity, and an intact CB1 receptor is crucial for this effect (41) . Ghrelin was also found to inhibit the excitatory inputs onto parvocellular neurons of the PVN, and this effect was eliminated by introducing either the CB1 receptor antagonist rimonabant or the diacylglycerol lipase inhibitor tetrahydrolipstatin that blocks 2-AG synthesis (41) . Thus, testosterone, like ghrelin, increases hypothalamic AMPK activity, reduces excitatory input onto critical elements of the hypothalamic feeding circuitry, and stimulates appetite via a CB1 receptor-dependent mechanism.
The dynamic actions of cannabinoids at POMC synapses are sexually differentiated. For example, the potency of WIN 55,212-2 to presynaptically inhibit GABA A receptor-mediated input is reduced approximately six times in males compared with females (16) . Cannabinoids also enhance a postsynaptic A-type K ϩ current (I A ) in the POMC neurons of females, whereas in males CB1 receptor activation leads to the activation of G protein-gated, inwardly-rectifying K ϩ channels (34, 72) . This sexually differentiated cannabinoid regulation of appetite can be additionally modified by gonadal steroid hormones. For example, estradiol substantially reduces the ability of CB1 receptor agonists to presynaptically inhibit ionotropic glutamate receptor-mediated excitation of POMC cells and enhance the I A in these cells (39, 53) . This steroid is able to elicit its negative modulatory effect within minutes after bath application to hypothalamic slices and lasts for at least 24 h after systemic treatment (39, 53 ). Estradiol's ability to disrupt cannabinoid signaling is due to the activation of estrogen receptor-␣ and the G q -coupled membrane estrogen receptor, which triggers a signaling cascade involving the activation of PI3K, protein kinase C-␦, and, to some extent, protein kinase A (38, 77) . Therefore, CB1 receptors are less effective in decreas- Fig. 9 . TP increases basal miniature inhibitory postsynaptic current (mIPSC) frequency in POMC neurons. Membrane current traces (A), cumulative probability distributions (B), and a composite bar graph (C) showing the increase in basal frequency after TP (400 g sc) administration. *P Ͻ 0.05, Kolmogorov-Smirnov (B) and Student's t-tests (C); n ϭ 13. ing glutamatergic neurotransmission, leading to increased excitation of POMC neurons and enhanced anorexigenic tone within the hypothalamic feeding circuitry that accounts for the ability of estradiol to reduce cannabinoid-induced hyperphagia in females (39, 77) . Presently, we found the exact opposite to be true for testosterone in males. Testosterone enhanced the cannabinoid-induced presynaptic inhibition of glutamate release onto POMC neurons and augmented endocannabinoidmediated DSE in these cells via activation of AMPK. The fact that we clearly observed DSE in our guinea pig animal model contrasts with what was reported in transgenic mice (31, 69) . Guinea pigs have proven to be more sensitive than rats or mice during the development of appetite-suppressing drugs like fenfluramine and fluoxetine, and like humans, they lack the capacity to synthesize their own vitamin C (3, 50, 57) . Thus, our guinea pig animal model has clear utility and translational 12 . Schematic for how testosterone enhances CB1 receptor-mediated signaling at glutamatergic inputs impinging upon POMC neurons. Testosterone induces hyperphagia and potentiates cannabinoid tone at the CB1 receptors in the glutamatergic nerve terminals by activating cellular energy sensor AMPK. The rapidity of the testosterone-induced changes in energy balance suggests that the steroid may be acting at a membrane androgen receptor like that shown in striated muscle (17, 74, 78) . The activation of this heterotrimeric AMPK complex may be due to upstream kinases like calmodulin-dependent protein kinase kinase (CaMKK) and liver kinase B1 (LKB1) via phosphorylation of threonine residue 172 (T172) of the ␣-subunit that occurs in response to increases in intracellular calcium and the AMP/ATP ratio. This in turn may lead to increased endocannabinoid tone by either enhancing synthesis, inhibiting breakdown, or attenuating reuptake and removal from the synaptic cleft. The endocannabinoids could then act transynaptically in a retrograde fashion at the CB1 receptor to augment the cannabinoid-induced presynaptic inhibition of glutamate release.
relevance in the study of the synaptic and hormonal determinants underlying the hypothalamic control of energy homeostasis. Finally, although testosterone was without effect on the rather modest, cannabinoid-induced, presynaptic inhibition of GABA release onto POMC neurons, it markedly elevated basal inhibitory input received by these cells. This is in keeping with the fact that testosterone increases GABA turnover in the POA and median eminence of male rodents (20 -22) . This is consistent with the observation that anabolic steroids increase firing in GABAergic neurons in the medial POA as well as spontaneous IPSC frequency in downstream gonadotropinreleasing hormone (GnRH) neurons, the latter of which suppresses firing in these cells (55) . The androgenic potentiation of GABAergic tone in the medial POA is reportedly dependent on the protein kinase C-mediated phosphorylation state of the ␤ 3 -subunit of the GABA A receptor (56) . Similar findings reported by Sullivan and Moenter (71) were seen in prenatally androgenized female rats, which exhibited augmented GABA A receptor-mediated input onto GnRH neurons in the medial POA. We have observed previously that cannabinoid agonists are approximately six times less potent in decreasing mIPSC frequency in orchidectomized males than in ovariectomized females (16) . However, presently, we found that testosterone replacement does not appreciably alter cannabinoid agonist potency in this regard. Thus, the androgenic enhancement of GABA A receptor function appears to be independent of the enhancement of endocannabinoid tone. These collective modulatory actions of testosterone serve to enhance inhibitory tone onto POMC neurons and are congruent with the fact that the steroid increases and decreases the number of NPY/AgRP and POMC neurons, respectively, in the ARC (54, 68) . This provides a regulatory framework that helps explain the mechanisms underlying testosterone-induced hyperphagia in males.
In conclusion, the results of the present study demonstrate that testosterone increases energy intake in male guinea pigs via activation of AMPK in the ARC and augmentation of endocannabinoid tone in anorexigenic POMC neurons. Most of the clinical studies touting the ability of cannabinoids to stimulate appetite in cachexic patients used experimental subjects that were almost exclusively male (25, 52, 66, 75, 80) . However, in one of the few double-blind, placebo-controlled studies where the sex ratio was more evenly split, the results were far less impressive (10a). This reinforces the need to develop rational, sex difference-based therapeutic adjuncts for use in ameliorating the symptoms associated with HIV/AIDS and cancer.
